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THEQRETICAL ALPHA STAR POPULATIONS IN LOADED NUCLEAR EMULSIONS
By F. E. Senftle; T. A, Farley, and L. R. Stieff
ABSTRACT

Calculations have been ma.d.e of alpha star populations in loaded
nuclear emulsions. Equations are presented for calculation of star
types for each significant emitter in the three naturally radioactive
series. The application of five-branched star populations as a method

of quantitative analysis for microgram amounts of thorium is proposed.
INTRODUCTION

. Loaded nuclear e;mzlsions have been frequently used to observe
the successive alpha particles emitted in the radicactive decay of
the uranium and thorium serles. When the intermediate members of a
series are short-lived, stars consisting of from two to five alpha
tracks will be formed. Yagoda (1949) has shown experimentally that
the number of stars with a given number of tracks will vary depending
on the radiocactive series, concentration, and the length of the
exposure time. As the half-lives of the decay products of the thorium
series are in general shorter than those of the uranium series, for
equal amounts the thorium series forms the most five-branched stars,
Yagoda has proposed star counting as the basis of a method for thorium
analysis.

This theoretical study of alpha star populations in loaded
. emilsions was undertaken in an. effort to find a quantitative method

for the analysis of less than microgram amounts of thorium in the
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presence of larger amounts of uranium. More recently Frota-Pessba
(1952) has proposed star counting as a method to measure Ra226 in
the presence of thorium. Isaac and Picciotto (1953) have used a
similar method for Th230 (ionium) analysis :Ln deep-sea sediments
with considerable success, and Schneider and Matitsch (1952) have
used the same technique for actinium analysis.

For these and other applications of loaded nuclear emulsions
in the quantitative analysis of r&dioac*hﬁe isotopes of £he thorium
or uranlum series, a knowledge of the distribution of various multiple-
branched stars for a given concentration and exposure time 1s desirable.
Flamant (1948) has calculated the probability of formation of multiple
track stars relative to the number of disintegrations of the parent
element in each oi‘. the natural radiocactive series. However, as the
parent elements of each series are decaying at different rates, the
results do not conveniently allow comparison of numbers of like stars
from the different series. Moreover, whereas the number of disinte-
grations of each daughter species is equal to the number of disinte-
grations of the parent member of the series, the number of disintegrations
of the original amount of =a shortmlived daughter miclide present is
not equal to the number of disintegrations of the parent nuclide.
Thus, for the shortlived nuclides Flamant's probabilities do not
represent the actual star-type distribution in a loaded ﬁuclear emuision,
although for long-lived nuclides they are quite accurate., For these
reasons it has been found expedient to compute analytical expressions
for each type of star from each of the significantly contributing -

members of the series as well as summation formulas for the whole series.



METHOD OF CALCULATION

Consider a hypothetical radioactive chain in which each member
is in secular equilibrium, and in which the number of atoms, N, of
each species 1s genetically related as follows:

NiAy = NaAz = N3gAg «o- NpiAn
The transformations‘of each member of this series during a time, t,
can be represented as in figure 1. Of the original number of parent
atoms, N, some will decay in time t to form Ny of type-2 atoms.
During the same period ;N3 type-2 atoms will also be formed by decay
of the parent species, N3, but these will further decay to other
daughter products, i1Na=, 1N4, etc., before the end of time t. In a
gimilar manner the number of type-2 atoms,!iNo, originally present
will decay forming a number of different daughter nuclides, zZN3, N4,
etc,

If, for simplicity, we assume that all of the species are alpha
emitters then the number of multiple track alpha stars can be readily
deduced. .Thus the number of single tracks, 515 from type-1 atoms
will be ;N». Likewise the single tracks, 182, accruing from type-2

atoms will be Nz, and the single tracks formed by the series will be

i=n-1
J=n
S = E t iNj = N2 + 2N3 +3Ng o.0 n-1ln

3=2
i=1

In an analogous manner the number of double track stars, from

type=-1l atoms will be ;N3 and the series equation will be

‘ i=n=2
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However, the natural radiocactive series are made up of beta
emitters as well as alpha emitters and the above treatment becomes
more complicated because beta particles are not ordinérily observed
on alpha sensitive emulsions. Because of these beta emitters a
triple alpha track star, for example, may be formed by a series of
decays only three of which are alpha decays. Thus, in the thorium
series the total number of triple tracks from Ra®2* will not be
simply represented by the number of Pb®*2 atoms formed but by the
sum of the Pb22, Bi2'2 and Po2*2 atoms, i.e. by

N + N + N
Ra®2* pPp2*% . Ra®®* B1%2 . Ra®* po

212

Bateman (1910) has given an equation for calculating the number
of atoms which decay to and remain at any given member of any series
during an exposure period t. In many instances, however, the results
obtained by using the egnventibnal form of the equation are subject to
large errors. To obviate such errors Flanagan aad Senftle (1953) have
used an approximation method and have complied tables to facilitate
the otherwise laborious calculations. The results and calculations
presented here have been obtained from the data in their paper. The
formulas in table 1 are based on the amounts of each daughter nuclide
which is in equilibrium with one micmgm of UZ28 or of Th232, Modes
of decay which give rise to an insignificant number of staz:s during an
exposure time up to 500 hours, as compared to other emitters in the
series, have been ignored both in the individual aund in the summation
formulas. Terms in the individual formulas, small in comparison to
tefms in other individual formulas, have been dropped from the summation

formulas,
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Analytical expressions for calculating the number of multiple
tracks from the significant members of each of the naturally radiocactive
series are shown in table 1. The exposure time t is in seconds, Tze
summation formulas for each series are shown in table 2, For the
thorium or uranium series comparisons up to an exposure time of 500
hours are shown in figures 2 through 6. When the parent element is
in amounts larger or smaller than onre microgram, the star population
for a given multiple star will be directly proportional to the data
in the graphs. The ratio of different star types of a given series,
on the other hand, is independent of the amount of parent present,
For chemically separated radioelements loaded into an emilsion, the

star population distribution can be computed from the formulas in table 2.
DISCUSSION

Flamant (1948) has calculated the probability of existence of
‘mltiple track stars relative to the number of disinhegrations of the
parent nuclide of the series, .For daughter elements with relatively
long half-lives the number of disintegratioms during the exposure time
for the amount origimally present will be essentially the same as the
mumber for the parent nuclide of the series., For these cases our
calculations are in agreement with Flamant's,

For short half-lived daughter nuclides, however, the number of
disintegrations of the atoms originally present during the exposure time
is less than the number of disintegrations of the parent nuclide.
Therefore, Flamant's probabilities do not give the actual star
distribution in a loaded emulsion for this type of emitter. For example,

the star population for Th®28 at 500 hours is compared Por the two



1k

M

o 0T ¥ SH6°C + 292.0T ¥ S47°9 + 90T ¥ S¢2°T + 0T X F46°G -

#Nmmmmwu
oy 2 ¢OT X 068°C + g 2 0L X 0°L ~
R m«n PRV -
or 9 0T ¥ £u°T + w2 0T X $66°¢ - 9 0T X 0°G = ¢
ety g 19227y
8¢ + =Y X 0°Q +
_ p@ﬂmgm&n € p¢amﬂmwu O x 0°8
i3 ¥ )C°T = o ¢ + - ® x )° : ¢ =
93 T2%dya 20T * 1T ﬁmwmem«uc & qzeeTdy.. T * Lo +.@©mmmm&n < WH
2 x S¢le) -
, ‘ Jota%dy,. 0T X ¢L°)
e x Q°G + ® 0T X @°¢ + + © 20T £ QO°T = x L40n° G =
O.HN@nH, Q-H Q m ﬂuﬁm.ﬂ _ ﬁP ,w = #ﬁwNQﬁm mweﬂ @Q -H NN.N,HMm S @Qn_ﬂ @@ m
% XY= 3 X EA & 2 \ &
e, ° ST At len OT X L - Dol OT ¥ BT 4 4el0T X g%+ 0T X 561U = &
=+ = B
§9TI9G g UMTURI] °IT
e % 860°H + . 2 0T X ¢°¢C = 2 EqTe
.01 60 f @Nnﬁmvﬁﬂﬂ 0T G°¢ P@NNNMH&D 0T X ®4T°3 + i
0T ¥ SL6°T = @ 0T X ¢°¢ = ey ° 20T X 9f°¢ - gy ° 20T ¥ gz = ¢
3792 - 3558 Y- 3252 Y-
x °T + =Y =
| 0T ¥ 099°T — 2 -
® 0T X 6T°¢ + ey ° 0T ¥ ¥2n’e - ® 0T X 6°6 = ey ° 20T X oR°¢ =2 §
qeraidy, qv2ztly. qoeily. q822"Y. mHn
o g+ 3 X HQ°2 = =) X 20°2 =
jeret - ° LA 20T ¥ 18" p@NN@m{a 20T * 28°2
34+ 2 X T¢°Z = X LTT°2 + .
4ZTEE, 5 N zezady 20T X T6°2 - 0T X &TT°2 |
: 5 0T X 8¢g°T = 5 LT X T19°7 - 3 0T ¥ T09°2 + 35 0T X 8lo°y = st
g ¥2Z oty ae22tily, ozt

S9TISE g MMTIOUL °T

°QSTISS ToBO JOF SETHIIO] UOTJBUNG--°Z STQBI



15

@mw.mmx,u

s*ee-0T X oge°T - stpg-OT ¥ @hm.w +m4hﬁnqﬁ X 6L %

2+ 32+ 5 4 =
qLz2”Vy. - grreidy. o522y, K
st0e-0T X F42°T + 5¥32.0T ¥ T64°g = %, 0T ¥ SGg°q

qrrzidy. 452258,

° 0T ¥ 2 H +MQH X 2°T = 29507 X 864°T = o3,o.0T ¥ Sgi°T +

< 2hor.0T X 200°2 + 3g.0T X 01°.L
2955 0T X T2C°T + 3, OT X 9T -
+ 2%0r-0T ¥ Z€0°2 -2 ,_0T ¥ SL9°G

SCTXO0T- .o S0TX0T+
PKVNN Y-

° + = ¥ IQCeT + X 9gH°T = x 6zozeT 4
2l €+ T = 235507 ¥ T0G°T + ¢%,6.0T ¥ 994°T = 53 £.0T ¥ 822°T

Wb@NuOﬁ X @@M-@ = @P.b.n.n@.ﬁ X Hmmo.ﬂ

+ 2%01-0T X ZT0°2 - %, 0T ¥ ®69°T

il

il

S

SOTI98 mmﬂgﬂghb

*PSNUTIUCD-~*Z OTqBL

1

°IIT



006 00¢ {au)swrg sansodxy 002 00T
T 1 ]
GOTADS geail
£oTI98  za2Wh
0T+
02
0%
=3
g Ot
0
<
@
E
O [
~l
% 06
8-[
o o . oL
S9Td98 UoOBe J0F suoryerndod 3owvay oTuTg--°g oInBTd
0g
Oml




(1) swry aumsodxy

006G

17

T - T '

00y 00¢ 008

STQISTTEOU S8TI98 L UL

STATBTIBU 99TI8E  geall

89TJa88 Ml 343 J0F suciiwInded Yoea) STROQ--°¢ 2ImMITL

00T

L (¥

091

aL-




18

Dﬂi 00¢ (o) Swipq sansodxy 0og 00T

11
ORI Uil

00CT ~

STQIBTTBOU S8TISS gepl)

002

=

sqoBL];

009¢

N

S9TIBS UL PUB gl 9UF JI0F suorgerndod yosag STATIL-- 4 SInITd . 0009

“w ‘-v 002L



anc a0k cog (-q) swya 2ausodey GO 00T
1

L 0002

T -

000g

19

0000T -

0002T

000HT |

891498 TS X0f stoTIETRdCd HoBa3 STANIPEND--°C oInBTd ooogt -

. . . 000QT -






21

methods in table 3A. There is essential agreement as the hslf-life
of Th®2® is relatively long (T4 = 1.90 years). A further compari-

2
son is made in table 3B for the short half-life daughter nuclide

224
Ra.2

(T ; = 3,64 days). Flamant!d data are given in percentage of
the numbei of disintegratioms of the parent nuclide and they do not
add up to 100 percent. .The percentage calculated from the formulas
in this paper are the percentages which will be observed in a nuclear
emulsion provided the star splitting effect due 4o diffusion is
negligible, |

Star splitting due to diffusion in the uranium series h&as been
investigated by Frota-PessoOs (1952) and in the thorium series by Eichholz
and Flack (1951). In both cases the effeét was observed at above

freezing temperatures, For analytieal work this could probably be

minimized by exposing the plates at lower temperatures.
ANAT.YTICAL APPLICATIONS

The theoretical calculations repérted in this papsr were under-
taken ir an effort to develop a method of thorium analysis for less
than microgram amounts in the presence of larger awounibs of uranium,
The quantitative analysis of thorium by determining the abundance of
five-branched stars in a loaded nuclear emulsion and the comparison of
observed and predicted star populations in loaded emulsions will be
presented in a separate paper. In addition, the comparison of
observed and predicted star populations may be used to check *the
half-lives of several members of the uranium and thorium series,
Variations in the star po:bula‘tions with depth in the emulsion may be

used to study rates of diffusion in the emulsions of the different
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Takle 3,-~Comparison of Th®2° and Ra®2* star populations determined

by Flamant (1948) and by the method presented here.

Determined by

Track type Flamant (1948) Tbis paper
(percent) (percent)
A--Th®2® gtar population
Single tracks 25 25
Quadruple tracks 2 3
Quintuple tracks (via Po2+2) 25% 7
Quintuple tracks (via T129%) 48)
B--Ra”2% gtar population
Triple tracks 1 0e3
Quadruple tracks (via Po®%2) 16)
) 99.6
Quadruple tracks (via T12°9) 7)
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members of the radioactive series and rates of diffusion of different
isotopes of the same radiocactive element.

As the uranium analysis can be readily made by conventional
chemical methods, the following proposed star counting techmique can
be used for thorium analysis in low concentrations. To the solution
of a sa@ié containing wranium and thorium which has been stripped
of its radium and radon but whose specific beta 'activity is known,
add a known amount of Th®* .(as a radio tracer for Thazé)o A nuclear
emilsion is then loaded by immersion in the resulting solution, dried,
and 'the‘ beta a@tivlijty per unit area of the emulsion is measured, The
volume of solution per unit area taken up by the emulsion is determined
by its beta activity., After suitable exposure, the loaded emulsion
is developed and the number of five-branched stars per unit area is
determined., The number of five-branched stars counted can be corrected
by subtracting the five-branched stars produced by the Ra®2® in the
U235 geries as the total uranium concenkration ié known. For a given
exposure the number of micrograms of thorium in the original solution
is equal to

A
‘ISTh

Th (n;icrogra.ms/ml) %

\\N - 0400715 U » xS 285’
A

where A is the loading factor in em®/ml, N is the number of f‘ive»bz;an@hed
stars counted, and U is the,ura.nium concentration in mi@rogra.mS/ml°»

If a nuclear emulsion is loaded with a solution of uranium and
thorium in equilibrium, the thorium content of the solution can be
determined using a method of sitmultaneous equations similar to that
discussed by Schneider and Matitsch (1952). This method is useful for

the Th/U ratlos in the range from 0,0L to 1,0. If Qu and Qe are the
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track counts of two different exposure times, then the- foll@wing équa-=
tioms will hold for the thorium and uranium content of a given volume
of the emulsion

Qf1=k1Th+l§2U, for t

o

ty
Qe = ka Th + k4U, for t = tp

The k constants are the number of five track stars per atom of the

parent element, They may be calculated by evaluating the series

formula for the respective times and dividing by the nmbér of atoms

of parent muclide in 1 microgram. Thus

: S, - ¢S5,
ki, ko = _FTh 5 ke, kg = XU
2.59 x 10°° - R.53 x 10%°

o

The Th/U atom:ratio obtained from the above equations must be multi-
plied by the ratio of atomic weights in ordsr to comvert the atom ;
ratio to a weight ratio, Uranium, determined by a convénti@mal analysis,
‘ can then; be inmserted imto this ratio to determine tﬁe thorium conbent.- |
The authors wish to thamk ‘F, Je - Flanagan é,nd. Barbara Schwartz for
their assistance in making the calculations. This work is part of a
progran undertaken by ‘thé Geological. Survey on behalf of the Division

of Raw Materials of the Atomic Energy Commission.
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